species is easily dispersed, increasing its invasion in the park ( Reinhardt and Rossouw, 2000 ; Foxcroft et al., 2004 ; Foxcroft and Rejmanek, 2007 ) . In its native range, Opuntia s.s. provides food for innumerable herbivores, including tortoises, iguanas, birds, rabbits, deer, bats, sloths, squirrels, coyotes, bears, pigs, and bison ( Mellink and Riojas-L ó pez, 2002 ) ; this also clearly underscores the ecological importance of prickly pear. Opuntia also is culturally important. In Mexico, where species of Opuntia have been cultivated for at least the last 14 000 yr ( Casas and Barbera, 2002 ) , they represent an iconic national fi gure, illustrated on the country ' s fl ag. The large, tree-like Opuntia species, O. megasperma , O. echios , and O. galapaegia , are some of the most conspicuous species of the Gal á pagos Islands. Even Charles Darwin could not resist the intrigue of Opuntia when he collected the fi rst specimen of O. galapaegia (later described by Henslow, 1837 ) .
Polyploidy is a common phenomenon throughout tribe Opuntieae, which has been well studied cytologically ( Pinkava, 2002 ; Majure et al., 2012 ; L. C. Majure et al., unpublished manuscript) . In fact, diploids (2 n = 2 x = 22) are relatively rare in the tribe making up only 26.2% of the 164 species with reported chromosome counts (L. C. Majure et al., unpublished manuscript) . Polyploid taxa within Opuntia range from triploid (2 n = 3 x = 33) to octoploid (2 n = 8 x = 88), and many species have multiple ploidal levels ( Pinkava, 2002 ; Majure et al., 2012 ; L. C. Majure et al., unpublished manuscript) . Species limits are still poorly understood, as a result of the high frequency of polyploid taxa, morphological variability, poor representation in herbaria, and frequent interspecifi c hybridization in Opuntia s.s. ( Cota and Philbrick, 1994 ; Rebman and Pinkava, 2001 ; Pinkava, 2002 ; Majure et al., 2012 ) .
Furthermore, there is no comprehensive phylogeny of Opuntia s.s., so limits of major clades are largely unknown. Numerous morphological and cytological studies have been conducted on large groups of taxa and species complexes (e.g., Doyle, 1990 ; Parfi tt, 1991 ; Leuenberger, 2001 ; Majure et al., 2012 ) , but Opuntia s.s. has not been studied comprehensively using molecular data. Griffi th and Porter (2009) Opuntia , and B á rcenas et al. (2011) had no resolution among clades. In addition, although a number of Opuntia s.l. species have been shown to be interspecifi c hybrids using molecular data ( Mayer et al., 2000 ; Griffi th, 2003 ) , the prevalence of reticulation in this group has not been extensively surveyed . We broadly sampled species in tribe Opuntieae using nuclear and plastid sequence data and produced a phylogeny of the clade to (1) determine the circumscription of Opuntia s.s. and the major clades within it, (2) resolve the placement of the problematic genera Consolea and Nopalea , (3) investigate the geographic origin and subsequent spread of Opuntia s.s., and (4) survey for potential reticulate evolution. ( Anderson, 2001 ; Wallace and Dickie, 2002 ; Hunt, 2006 ; Griffi th and Porter, 2009 ). Currently, five tribes ( Wallace and Dickie, 2002 ) , and 15 ( Anderson, 2001 ) , 16 ( Stuppy, 2002 ) , or 18 ( Hunt, 2006 ) genera are recognized within Opuntioideae.
MATERIALS AND METHODS
Tribe Opuntieae (platyopuntioids) is a well-supported clade within Opuntioideae ( Wallace and Dickie, 2002 ; Griffi th and Porter, 2009 ; Hern á ndez-Hern á ndez et al., 2011 ) that consists of Brasiliopuntia (K. Schumann) A. Berg., Consolea Lemaire, Miqueliopuntia Fri č ex F. Ritter, Nopalea Salm-Dyck, Opuntia s.s., Salmiopuntia Fri č ex Guiggi ( Guiggi 2010 ) , Tacinga Britton & Rose, and Tunilla Hunt and Illiff. The platyopuntioids were so named by Britton and Rose (1920) for the fl at, photosynthetic stem segments (i.e., cladodes) characteristic of most members, although they did not include Miqueliopuntia , Tacinga , Tunilla , Nopalea , or Salmiopuntia in the group. Species of Maihueniopsis s.l. were also recovered in Opuntieae ( Griffi th and Porter, 2009 ) , but this genus is often placed in tribe Cumulopuntieae ( Hunt, 2002 ( Stuppy, 2002 ) to 180 recognized species (including Nopalea ; Anderson, 2001 ; Hunt, 2006 ) within the genus, which is suggested to have originated as recently as 5.6 ( ± 1.9) mya ( Arakaki et al., 2011 ) .
Members of Opuntia s.s. are cultivated worldwide as fruit and vegetable crops ( Inglese et al., 2002 ) and are increasingly used as forage and fodder for livestock in arid areas of the world, such as parts of Brazil, Mexico, western Asia, and northern and southern Africa ( Nefzaoui and Salem, 2002 ) . Medicinally, Opuntia polysaccharides have been shown to protect brain tissue from glucose and oxygen deprivation ( Huang et al., 2008 ) . Opuntia fi cus-indica (L.) Mill. has been used to protect the liver from harmful organophosphorous pesticides ( Ncibi et al., 2008 ) , and various Opuntia species have shown hypoglycemic effects in diabetic patients, returning blood glucose to normal levels ( Trejo-Gonz á lez et Laurenz et al., 2003 ) . Opuntia streptacantha Lem. has even been used as a bioaccumulator in lead-contaminated waters ( Miretzky et al., 2008 ) .
Species of Opuntia are also known as some of the most highly invasive species in arid areas of their nonnative range such as Australia ( Freeman, 1992 ) , the Mediterranean region ( Vil á et al., 2003 ) , and Africa. Millions of hectares invaded by Opuntia stricta (Haw.) Haw. ( Dodd 1940 ) were eventually brought under control in Australia using a well-known biological control agent, Cactoblastis cactorum Berg ( Zimmermann et al., 2000 ) . This moth is now wreaking havoc in the native range of prickly pears in North America . The nutritive tissues and high production rates of O. stricta, introduced into Kruger National Park (South Africa), make it irresistible to the native fauna, primarily baboons and elephants; thus, this La Jolla, California). We also cloned at least one polyploid member from each major clade recovered in our " diploids only " analysis (described later) and any taxa thought to be of hybrid origin. Eight clones per accession were directly sequenced at the Interdisciplinary Center for Biotechnology Research at the University of Florida using bacterial primers (T3 -T7) from the kits. A subset of polyploid taxa was cloned and sequenced for ppc to ascertain the degree of nucleotide polymorphism among taxa. However, the use of ppc for analysis of polyploids was discontinued, as sequence divergence in this gene was less than that of ITS.
Sequences were edited either in the program Sequencher 4.2.2 (Gene Codes, Ann Arbor, Michigan, USA) or Geneious Pro 5.1 (Biomatters Ltd., Auckland, New Zealand) and automatically aligned using the program Muscle ( Edgar, 2004 ) ; this alignment was then adjusted manually in the program Se-Al v2.0 ( Rambaut, 2007 ) . All gaps introduced during alignment were coded as missing data.
Phylogenetic analyses -Opuntia has been well studied cytologically (see Pinkava, 2002 ) , and we have made extensive chromosome counts, adding 31 new counts of previously uninvestigated taxa (L. C. Majure et al., unpublished manuscript) . Using this cytological information, we established multiple data sets: (1) nuclear data for diploids, (2) ITS for all cytotypes, (3) plastid data for diploids, (4) plastid data for all cytotypes, (5) combined nuclear and plastid data for diploids, and (6) combined nuclear and plastid data for all cytotypes (total evidence). We conducted separate analyses of diploids only (1) because allopolyploids do not arise via cladogenesis, and their inclusion in phylogenetic analyses can result in misleading results ( Rieseberg et al., 1996 ; Soltis et al., 2008 ), and (2) to test the parentage of potential allopolyploids using phylogenetic methods Soltis et al., 2008 ) . All data sets were analyzed separately using maximum parsimony (MP) in the program PAUP* 4.0 ( Swofford, 2002 ) , Maximum likelihood (ML) using the program RAxML ( Stamatakis, 2006 ) , and Bayesian methods (BI) in the program MrBAYES ( Huelsenbeck and Ronquist, 2001 ) .
The MP analyses were conducted on all data sets with 10 000 random addition sequence replicates, and support was evaluated by running 1000 nonparametric bootstrap (bs) pseudoreplicates, each with 10 random addition sequence replicates. The ML analyses were carried out in RAxML by partitioning each region under 25 rate categories using the GTR model of molecular evolution and carrying out 10 000 nonparametric rapid bootstrap pseudoreplicates for the separate and combined data sets. For BI analyses, models of molecular evolution for each marker were determined using the program ModelTest ( Posada and Crandall, 1998 ) and the Akaike information criterion (AIC). Analyses were carried out by partitioning the data by marker, each with its corresponding model of molecular evolution, and using four heated chains for 20 million generations, sampling a tree every 1000 generations. We determined stationarity and thus the number of generations considered " burn-in " using the program Tracer v. 1.5 (http://tree.bio.ed.ac.uk /software/tracer/).
Incongruence length difference (ILD) tests ( Farris et al., 1995 ) between plastid and nuclear data sets were carried out in PAUP* ( Swofford, 2002 ) . We initially ran analyses using plastid and nuclear data separately with only known Opuntia diploids. Visual inspection of tree topologies of separate nuclear vs. plastid data analyses (MP, ML, BI) also was used to determine whether any strong incongruence existed between nuclear and plastid data sets that justifi ed not combining data ( Johnson and Soltis, 1998 ; Fishbein et al., 2001 ) . Due to the lack of resolution along the backbone of the phylogenies using either plastid or nuclear data alone and the resolution of many of the same clades using the data sets separately, hard incongruence (sensu Seelanan et al., 1997 ) using a bootstrap value of ≥ 70% was not apparent, so we combined our diploid plastid and nuclear data sets for further MP, ML, and BI analyses.
We then ran separate plastid and nuclear analyses using all of the aforementioned phylogenetic methods with all taxa sampled, including polyploids, to determine from which putative progenitors (at the clade level) many of the polyploid taxa within Opuntia s.s. may have originated. We also analyzed ITS haplotypes from the combined diploid/polyploid data set in the program TCS v1.21 ( Clement et al., 2000 ) to take into account potential incomplete lineage sorting in ITS and inherent problems with the inclusion of reticulate taxa in a bifurcating phylogeny. Polyploid taxa that were recovered in disparate clades using nuclear or plastid data alone in phylogenetic analyses or that were found to have ITS haplotypes from more than one putative progenitor or the same haplotype of a taxon whose relationship differed from the polyploid ' s placement in plastid phylogenetic analyses were considered interclade allopolyploids. Morphological characters of the putative interclade hybrids and distributions of taxa also were compared with members of putative progenitor clades to provide further evidence for their hypothesized parentage. We then series of subgenus Platyopuntia recognized by Britton and Rose (1920) DNA extraction, PCR, sequencing, sequence editing, and alignment -Total genomic DNA was extracted using a modifi ed CTAB method ( Doyle and Doyle, 1987 ) . Although cacti have highly mucilaginous tissues, we successfully extracted high-quality DNA from live plants, silica-dried material, or herbarium specimens using this method. When possible, we used the small, ephemeral leaves, which are produced as new cladodes develop. This produced the highest quality and cleanest DNA of any samples used. Otherwise we used epidermal tissue with the cuticle removed (cf. Griffi th and Porter, 2003 ) .
We sampled four plastid intergenic spacers ( atpB-rbcL , ndhF-rpl32 , psbJ-petA , and trnL-F , following Mavrodiev et al. [2010] , M. J. Moore, Oberlin College [unpublished data], Shaw et al. [2007] , and Taberlet et al. [1991] , respectively), the plastid gene matK (http://www.kew.org/barcoding/update. html), ca. 900 bp from the 5 ′ end of the plastid gene ycf1 (K. Neubig, Florida Museum of Natural History, unpublished data), the nuclear gene ppc ( Hern á ndez-Hern á ndez et al., 2011 ) , and the nuclear ribosomal internal transcribed spacers (ITS; following White et al ., 1990 ) . We designed new primers for atpB-rbcL, ndhF-rpl32 , the 3 ′ end of the psbJ-petA spacer, ycf1 , and ppc after the initial sequencing of those PCR products ( Table 1 ) . A sequence of matK for Tacinga funalis Britton & Rose was downloaded from GenBank (Appendix 1).
Mixtures for 25-µ L amplifi cation reactions were as follows: 0.5 -1 µ L of template DNA, 9.4 µ L H 2 O, 5 µ L of 5 × buffer, 2.5 µ L of 25 mmol/L MgCl 2 , 1 µ L of 2.5 mmol/L DNTPs, 2 µ L betaine, 2 µ L each 5 µ mol/L primer, and 0.1 µ L Taq polymerase (produced in the Soltis lab from E. coli producing the Taq gene). PCR cycling conditions for the plastid intergenic spacers and matK followed Shaw et al. (2007) , although the initial annealing temperature was modifi ed to 55 ° C and the number of cycles was increased to 35. PCR cycling conditions for ITS were an initial denaturation at 95 ° C for 2 min; followed by 5 cycles of 95 ° C for 1 min, 53 ° C for 1 min, and 72 ° C for 2 min; followed by 40 cycles of 95 ° C for 1 min, 48 ° C for 1 min, and 72 ° C for 2 min; with a fi nal extension step at 72 ° C for 12 min. PCR cycling conditions for ppc were 95 ° C for 5 min; followed by 44 cycles of 94 ° C for 1 min, 55 ° C for 1 min increasing 0.3 ° C/cycle, and 72 ° C for 2.5 min; with a fi nal extension of 72 ° C for 10 min. PCR cycling conditions for ycf1 followed Neubig et al . (2008) with modifi cation of the initial annealing temperature from 60 ° C to 63 ° C. Plastid ycf1 and nuclear ppc were only sequenced for diploid Opuntia taxa.
All PCR products were initially sequenced directly, except for presumed hybrids and polyploid taxa surveyed from each clade (discussed later). We searched for nucleotide polymorphisms in sequence chromatograms of ITS, especially in polyploid Opuntia , and cloned those products using the TOPO TA (Invitrogen, Carlsbad, California, USA) or Stratagene cloning kit (Stratagene, T ABLE 1. DNA regions and associated primers used in this study.
Region
Primer name: sequence or reference ( Shaw et al., 2007 ) petA.Op: 5 ′ -CAACATCAAGTTCGTAACAAG-3 ′ trnL-F trnE: ( Taberlet et al., 1991 ) trnF: ( Taberlet et al., 1991 ) Combining the diploid data sets resulted in well-supported clades in the diploids-only analysis ( Fig. 1 ). Well-supported clades are named based on the series recognized by Britton and Rose (1920) , Engelmann (1856) , or a morphological feature of a given clade. Our analysis of diploids and polyploids placed many polyploid taxa in different clades in the separate ITS and plastid trees (e.g., Opuntia tomentosa is in the Nopalea clade with ITS and the Basilares clade with plastid data; Appendix S1A and B, see Supplemental Data with the online version of this article). Those taxa also were recovered in disparate locations in our analysis of ITS haplotypes using TCS. However, many taxa sharing ITS haplotypes were not resolved in clades together in our phylogenetic analysis of ITS due to the lack of synapomorphies for certain clades. We inferred these taxa to be interclade-derived allopolyploids ( Fig. 2 ) . Those interclade allopolyploids also reduced clade support when analyzed with the combined nuclear/plastid data set (data not shown). The intraclade phylogeny exhibits well-supported clades (bootstrap [bs] ≥ 70%) and agrees with the diploid topology, but species relationships within subclades are generally poorly supported (bs ≤ 50%; Fig. 3 ). BI, ML, and MP topologies are virtually identical except for reduced clade support and resolution among clades with MP. Britton and Rose (1920) was paraphyletic, given that most of Tacinga and Nopalea are not included in this subgenus in their classifi cation. Consolea formed a clade with both plastid and ITS data as shown in online Appendix S1A and B. However, plastid data resolved Consolea outside of Opuntia s.s. (bs = 53%), and ITS data placed Consolea within Opuntia s.s. (bs = 75%; Appendix S1A, B), placements that have been found in previous studies ( Wallace and Dickie, 2002 ; Griffi th and Porter, 2009 ) using plastid and ITS data, respectively. However, Consolea was well supported (bs = 86%) as sister to a clade containing Brasiliopuntia, Tacinga , and Opuntia s.s. in a diploids-only analysis using combined nuclear and plastid data (Appendix S2, see online Supplemental Data). Tacinga formed a well-supported clade (bs = 81%) that included Opuntia lilae Trujillo and Ponce, and Brasiliopuntia and Opuntia schickendantzii F.A.C. Weber formed a clade (bs = 87%) sister to Tacinga . The Brasiliopuntia-Tacinga clade was not recovered in MP analyses. The Brasiliopuntia, O. schickendantzii, Tacinga clade was resolved as sister to the well-supported Opuntia s.s. clade (bs = 84%). Nopalea was nested within removed interclade allopolyploids from further analyses. Polyploid taxa inferred to be intraclade polyploids (i.e., polyploids derived from within a given clade) were not removed from our total evidence phylogenetic analyses (i.e., intraclade phylogeny), because we were interested primarily in clade delimitation and not necessarily species delimitation, which may be obscured by the inclusion of intraclade allopolyploids when employing both nuclear and plastid markers in a combined analysis.
Relationships in Opuntieae -Subgenus Platyopuntia as recognized by

Biogeographic analysis and divergence time estimation -
We used the programs Mesquite v. 2.73 ( Maddison and Maddison, 2010 ) and RASP ( Yu et al., 2011 ) to infer the geographic origin of Opuntia s.s. and major clades by coding all diploid taxa for geographic distribution based on literature ( Britton and Rose, 1920 ; Anderson, 2001 ) and personal experience. We coded seven geographic areas for diploid Opuntia taxa and outgroups based on generalized distributions of the diploid taxa. Those geographic areas were (1) southwestern South America (western central Chile, Chaco + Monte regions), (2) eastern South America (Caatinga), (3) western South America (Central Andean valleys), (4) northern South America (Caribbean region), (5) Central America (including tropical dry forest of southern Mexico and the Caribbean), (6) North American desert region, (7) and the southeastern United States. Geographic areas for South America are based on Sarmiento (1975) .
In Mesquite v. 2.73, we implemented the maximum likelihood Mk1 model (using our diploid ML topology), which is a Markov k -state 1-parameter model that allows for an equally probable change from one character state to the next ( Lewis, 2001 ; Maddison and Maddison, 2010 ) , but without allowing polymorphic states for taxa. In RASP, we used the Bayesian binary Markov chain Monte Carlo (MCMC) analysis method ( Olsson et al., 2006 ; Sanmart í n et al., 2008 ; Yu et al., 2011 ) by implementing the JC model with equal rates ( Sanmart í n et al., 2008 ) and 50 000 MCMC cycles with 10 chains using the trees from our Bayesian analysis of diploid taxa as input. We built a condensed (consensus) tree from those BI input trees to use as a fi nal tree for ancestral area reconstruction.
We also used RASP to perform a DIVA ( Ronquist, 1996 ) analysis and infer dispersal scenarios based on our Bayesian trees.
Divergence time estimates were obtained using the program r8s v. 1.71 ( Sanderson, 2003 ) and implementing the penalized likelihood method ( Sanderson, 2002 ) using the TN algorithm. We calculated smoothing using the cross-validation technique ( Sanderson, 2003 ) . No fossils are known in Cactaceae (e.g., Hershkovitz and Zimmer, 1997 ) , so we used a fi xed age of 5.6 ( ± 1.9) Myr for the crown node of Opuntia s.s. based on dates proposed by Arakaki et al. (2011) , which coincides with an inferred late Miocene increase in lineage diversifi cation rates in the clade ( Arakaki et al., 2011 ) . We fi xed the age of our outgroup node at 15 ( ± 2.9) Myr, which is the inferred age of the crown node of Opuntioideae, to test the effect of that calibration on subsequent age estimates within Opuntia s.s. We also constrained the divergence time of the North American clade with a minimum age of 3 Myr based on the proposed timing for the closure of the Isthmus of Panama ( Marshall et al., 1979 ) , which would support migration rather than long-distance dispersal of the most recent common ancestor of the North American clade into North America.
R ESULTS
We observed very low sequence divergence among the plastid and nuclear sequences in diploid data sets ( Table 2 ) , and very little nucleotide polymorphism was observed in directly sequenced ITS products from polyploid taxa. Neither nuclear nor plastid data for diploid taxa alone fully resolved relationships among major clades, but many of the major clades were recovered using either data set separately, although our ILD tests showed a signifi cant difference between all nuclear compared to all plastid sequences ( P = 0.01). It is well known, however, that the ILD test is extremely sensitive and used alone should not be an indicator of data set combinability (e.g., Yoder et al., 2001 ) . Rate heterogeneity among sites and small numbers of parsimony-informative characters may result in rejecting congruence among data sets ( Darlu and Lecointre, 2002 ) . There was no hard incongruence based on comparison of the nuclear vs. plastid trees using a bootstrap cut-off of 70% using either MP or ML. Opuntia s.s., as in other studies (e.g., Wallace and Dickie, 2002 ; Wallace and Gibson, 2002 ; Griffi th and Porter, 2009 ; B á rcenas et al., 2011 ; Hern á ndez-Hern á ndez et al., 2011 ) . Altogether, our phylogenetic analyses recovered 10 major clades of Opuntia s.s. ( Figs. 1, 3 ) , which are recognized based on high support values. These 10 major clades were recovered in BI, MP, and ML analyses.
Opuntia s.s. -In the ML analyses, the Elatae and Macbridei clades of South America (Argentina-Bolivia and central Peru, respectively) were successive sisters to North American Opuntia , which comprised two species-rich and morphologically diverse clades ( Fig. 1 ) ( Fig. 1 ) .
Interclade allopolyploids and hybrids -We recovered 24
interclade-derived taxa. Of these, 20 are inferred to be allopolyploids (4 x , 5 x , 6 x , 8 x , and 9 x ), and one is an interclade homoploid hybrid ( ( Á lvarez and Wendel, 2003 ; Kovarik et al., 2005 ; Kim et al., 2008 ; Soltis et al., 2008 ) . Concerted evolution in ITS has also been inferred in polyploid species of Gal á pagos Opuntia ( Helsen et al., 2009 ) reducing the ability to determine relationships among those species. Furthermore, we have not sampled all extant taxa, and some parental diploids may be extinct. We discovered two or more ITS haplotypes in most cloned accessions, and certain haplotypes were not represented in any other taxa. Although, we recovered O. leucotricha as an interclade allopolyploid, we are uncertain about its placement, given that ITS data place the species (although poorly supported; bs = 53%) in the Humifusa clade, with which O. leucotricha neither shares morphological characters nor is sympatric ( ( Fig. 2 ) . However, it is possible that additional clades from our diploids analysis, not recovered with our data for interclade allopolyploids, may have been involved in these allopolyploidization events given that many of these taxa are hexa-and octoploids ( Table 3 ) . 
Intraclade allopolyploids -
DISCUSSION
Consolea -The Caribbean genus Consolea consists only of hexaploid and octoploid species (L. C. Majure et al., unpublished manuscript) , and the clade could have originated via an allopolyploidization event between other members of tribe Opuntieae ( Negr ó n-Ortiz, 2007 ; Griffi th and Porter, 2009 ). The confl icting placement based on ITS vs. plastid sequence data of species of Consolea certainly support this possibility. Consolea is supported as monophyletic with either ITS or plastid sequence data (Appendix S1A, B) . Consolea is not resolved as sister to any clade of Opuntia in analyses of ITS data alone (ITS is insuffi ciently variable to illuminate relationships among clades within Opuntia s.s., as shown in Griffi th and Porter, 2009 ), and plastid data place Consolea as sister to the Tacinga-Brasiliopuntia-Opuntia clade (Appendix S1A). Furthermore, combined analyses of nuclear and plastid diploid data sets place Consolea with strong support (bs = 86%) as sister to the Tacinga-Brasiliopuntia-Opuntia clade (Appendix S2), so Consolea should not be considered " fi rmly " embedded in Opuntia s.s., as suggested by Nyffeler and Eggli (2010b) . If Consolea is a result of ancient reticulation, concerted evolution and subsequent ITS divergence may obscure progenitor discovery, or the putative progenitors may have since gone extinct. On the contrary, the placement of Consolea within Opuntia s.s. may represent incomplete lineage sorting or homoplasy in ITS data. Further work will be necessary to resolve the placement of Consolea .
Consolea shares morphological characters with numerous taxa. These include monopodial trunks, as in Brasiliopuntia , hairy seeds as in Brasiliopuntia , Tacinga , and some members of Opuntia s.s. ( Stuppy, 2002 ) , hook-shaped embryos as in Tacinga ( Stuppy, 2002 ) , and expanded fl oral nectaries for hummingbird pollination as in Tacinga and several Opuntia species (e.g., O. quimilo, Nopalea ; D í az and Cocucci, 2003 ; Puente, 2006 ( Fig. 1 ) . The placement of these two species outside of Opuntia s.s. was unexpected given that Trujillo and Ponce (1990) ( Sarmiento, 1975 ( Fig. 3 ) and O. pinkavae as sister to O. erinacea ( Fig. 3 ) ( Parfi tt, 1997 ; Pinkava, 2002 ) .
Opuntia carstenii , O. depressa , and O. robusta were recovered within the Basilares clade with plastid data and a grade containing mostly members of the Basilares clade with ITS data (online Appendix S1A, B), but it was not possible to determine parentage of those taxa from among the four clades (i.e., Excelsa , Microdasys , Rhizomatosa , Xerocarpa ).
Biogeography and divergence time estimation of Opuntia s.s. -Our biogeographic analysis supports a southwestern
South American origin for Opuntia s.s. with subsequent dispersals to the Central Andean Valleys of Peru and the western North American desert region ( Fig. 4 ) . The most recent common ancestor of Brasiliopuntia and Tacinga also appears to have dispersed from southwestern South America, and one lineage, O. lilae , dispersed to the Caribbean region of Venezuela ( Fig. 4 ) . Both ML (Mesquite) and Bayesian (RASP) results support an origin of the North American Opuntia radiation in the deserts of western North America. From the North American desert region, the Nopalea clade dispersed into the tropical dry forest of Mexico, Central America, and the Caribbean. Other North American clades continued to radiate in the North American desert region and in some cases signifi cantly increased their ranges via the formation of polyploid taxa. For example, O. fragilis of the Xerocarpa clade moved from the southwestern United States into Canada and the upper Midwest ( Parfi tt, 1991 ; Majure and Ribbens, in press ) after formation, and the Humifusa clade migrated from the west into the southeastern United States forming a small radiation in the Gulf Coastal Plain. Divergent diploid members of the Humifusa clade from the west and east eventually formed contact zones, and allopolyploid taxa expanded north after the last glacial maximum, far surpassing the distributions of diploid taxa ( Majure et al., 2012 ) .
Our divergence time estimates suggest that the North American clade originated 5.12 ( ± 1.6) Ma (online Appendix S3), which according to our ancestral area reconstruction would place the North American clade in the western North American desert region before the presumed closure of the Isthmus of Panama at 3 Ma ( Marshall et al., 1979 ) . Constraining the North American clade at 3 Ma had no effect on divergence time estimates. Subclades within the North American clade subsequently originated from 5 -1.5 Ma (i.e., from the early Pliocene through the early Pleistocene); however, the majority of those subclades originated during the middle Pliocene (Appendix S3). Fig. 1 ) with interclade reticulate taxa mapped on their putative diploid progenitor clades. We did not discover any interclade taxa derived from the South American Elatae or Macbridei clades. Instances where putative progenitors of inferred interclade allopolyploids could not be verifi ed are denoted as ? (e.g., Consolea ). Interclade reticulate evolution is always associated with members of the North American Opuntia radiation. exerted stamens and styles). Such pollinator shifts are common in angiosperms and often result in major morphological changes (e.g., Grant, 1994 ; Fenster et al., 2004 ; Penneys and Judd, 2005 ; Crepet and Niklas, 2009 ).
South -North American disjunction in Opuntia -The North
American Opuntia clade is nested within the South American Opuntia clades ( Fig. 1 ) ; the ancestral area reconstruction for the Macbridei (Andean Valleys of Peru and Ecuador) + North American clade suggests that their most recent common ancestor was from southwestern South America (66% proportional likelihood; Fig. 4 ) . Thus, our data suggest that the most recent common ancestor of North American Opuntia migrated north or was dispersed long distance from South America to western North America. Our DIVA analysis agrees with the long-distance dispersal scenario, although with a low probability (0.50). The disjunction of North and South American Opuntia has not been proposed previously, presumably because species of Opuntia exist throughout the Americas from Argentina to Canada ( Anderson, 2001 ) . Similar patterns of disjunctions between South America and North America can be seen in Cactoideae ( Hern á ndez-Hern á ndez et al., 2011 ) , elsewhere in Opuntioideae ( Griffi th and Porter, 2009 ), as well as in the close relatives of cacti, Grahamia ( Nyffeler, 2007 ) and Portulaca ( Hershkovitz and Zimmer, 2000 ) . T ABLE 3. Interclade derived taxa recovered in our analyses. Ploidy is given for each species where known based on Majure et al. (2012) and Majure et al. (unpublished manuscript (total evidence phylogeny excluding interclade derived taxa). The 50% majority rule consensus tree from a RAxML analysis of 10 000 rapid bootstrap pseudoreplicates using our combined nuclear and plastid data set for all diploid taxa (blue) and intraclade polyploids (red). Taxa lacking ploidy information are left black. Bootstrap values are shown above branches; posterior probabilities ≥ 95 are represented below branches by a plus sign ( + ). estimates for the North American radiation (5.12 ± 1.6 Ma) place the origin of the clade before that time.
The North American radiation -Our phylogeny suggests that Opuntia s.s. radiated rapidly with substantial morphological diversifi cation after its movement into North America. The modern day Sonoran and Chihuahuan deserts were hotspots for the formation of new clades and rampant speciation, as evidenced by the great diversity of Opuntia in these regions ( G ó mez-Hinostrosa and Hern á ndez, 2000 ; Hern á ndez et al., 2001 ; Powell and Weedin, 2004 ) . Our dating analysis indicates that the North American clade originated 5.12 ( ± 1.6) Ma. All subclades of the North American clade originated from 5 - 1.5 Ma, suggesting that diversifi cation of the clade was facilitated by the expansion of arid habitats during the mid-Pliocene through the early Pleistocene ( Axelrod, 1948 ) and possibly coinciding with the middle Pliocene warm period ( Axelrod, 1948 ; Haywood et al., 2001 ; Haywood and Valdes, 2004 ) . Speciation within and among North American clades was further increased by hybridization and subsequent allopolyploidy, which are common in Opuntia s.s. In contrast, there is little evidence for interclade allopolyploids between the South American clade and other clades, suggesting that those clades remained isolated until modern times with the human introduction of North American taxa into South America or naturally southward-migrating taxa ( Kiesling, 1998 ; Novoa, 2006 ) .
Reticulate evolution in
Opuntia -Hybridization between species and subsequent polyploidization (i.e., allopolyploidy) is a common speciation process in plants ( Stebbins, 1950 ( Stebbins, , 1971 de Wet, 1971 ; Grant, 1981 ; Gibson and Nobel, 1986 ; Ramsey and Schemske, 1998 ; Soltis and Soltis, 2009 ) . In Opuntia, the production of allopolyploid species is very common and has led to the origin of many new species ( Pinkava, 2002 ) . These polyploids often are not completely reproductively isolated from other species ( Grant and Grant, 1982 ) . However, these new genomic combinations often result in morphologically distinct entities, which may propagate themselves indefi nitely via agamospermy, vegetative apomixis, or sexual reproduction ( Rebman and Pinkava, 2001 ) .
Most crosses leading to the formation of interclade allopolyploids are natural; however, a few appear to have been humanmediated ( Kiesling, 1998 ; Griffi th, 2004 ; Reyes-Aguero et al., 2005 ) . Evidence for the use of Opuntia in central Mexico as a foodstuff by Native Americans, where many of these polyploid taxa occur, has been found dating to at least 14 000 yr ago ( Casas and Barbera, 2002 ) . Kiesling (1998) suggested an 8000 -9000-yr-old date for the domestication of the polyploid, O. fi cus-indica, a species still cultivated and used widely as a foodstuff today ( Inglese et al., 2002 ; Felker et al., 2005 ) .
Many of the shrubby to arborescent allopolyploid taxa, most of which are octoploids, occurring from central Mexico through northern South America, are derivatives of the Nopalea clade, which contains the arborescent Nopalea members, and one or more of two other clades (e.g., Basilares , Scheerianae ; Fig. 2 ) . Baker (2002) Nopalea and Opuntia ( Britton and Rose, 1920 ) . These taxa have putative progenitors in common from the Nopalea clade and the Basilares clade ( Fig. 2 ) . This was unexpected, as several South There are other well-known examples of similar fl oristic disjunctions between southern South America and the southwestern United States/northern Mexico ( Johnston, 1940 ; Axelrod, 1948 ; Raven, 1963 ; Solbrig, 1972 ; Lia et al., 2001 ; Simpson et al., 2005 ; Bessega et al., 2006 ; Moore et al., 2006 ; Hawkins et al., 2007 ) , although there is still speculation as to why such disjunctions occur ( Solbrig, 1972 ) . Many of these disjuncts also appear to have their origins in South America ( Johnston, 1940 ) . Most analyses suggest that these North -South American disjunctions must have formed via long-distance dispersal events ( Raven, 1963 ; Simpson et al., 2005 ; Bessega et al., 2006 ; Moore et al., 2006 ) , since very few species of the overall fl oras are shared between the two areas (e.g., 2%; Raven, 1972 ) , many of these disjunct taxa are not host to the same insect faunas, and the same vertebrates often are not found in the two geographic locations ( Raven, 1963 ( Raven, , 1972 .
Further supporting long-distance dispersal in Opuntia , the cactophagous moth, Cactoblastis cactorum Berg (Pyralidae), which occurs naturally in southern South America, our proposed geographic origin of Opuntia , does not occur naturally in North America. In fact, as aforementioned, introduced populations of C. cactorum are used as a biocontrol agent to destroy introduced populations of North American Opuntia , which have not evolved to cope with its gregarious feeding habits ( Stiling, 2000 ; Stiling and Moon, 2001 ; Marisco et al., 2010 ) . Likewise, cactophagous moths in North America (e.g., Melitara Walker) are in a different clade from C. cactorum , suggesting that the internal feeding behavior of these pyralid moths evolved several times within this lineage after the initial evolution of cactophagy in the Pyralidae ( Simonsen, 2008 ) .
It is presumed that African, Malagasy, Sri Lankan, and Indian populations of the epiphyte, Rhipsalis (Cactoideae), originated via long-distance dispersal by birds from their native range in South America ( Thorne, 1973 ; Benson, 1982 ; Barthlott, 1983 ; Anderson, 2001 ) . Long-distance dispersal of Didiereaceae from South America to Africa also has been postulated ( Applequist and Wallace, 2001 ) . Birds (e.g., species of Geospiza ) are also known to disperse the seeds of Gal á pagos Opuntia at least for short distances . Numerous other species of birds have been recorded eating fruits and seeds of Opuntia in other areas as well ( Dean and Milton, 2000 ; Mellink and Riojas-L ó pez, 2002 ) , so there may be a link between birds and the long-distance dispersal of Opuntia seeds in South and North America.
Species of Opuntia s.s. currently exist throughout the neotropics, and it is possible that ancestral populations of the North American clade once occurred in local refugia throughout Central America, a scenario that also has been proposed for other arid-adapted disjunct taxa ( Solbrig, 1972 ) . It has been established that a desertifi ed environment did not exist throughout the neotropics from the Miocene through the Pliocene ( Axelrod, 1948 ; Raven, 1963 ) , although isolated patches of " subhumid " habitats may have existed ( Solbrig, 1972 ) . These local refugia may have acted as " stepping stones " between xeric environments from South America to western North America ( Raven, 1972 ; Solbrig, 1972 ) , with northward-migrating populations eventually going extinct in more southerly locations. Regardless, the Isthmus of Panama did not create an impassible barrier for the continued northern migration of Opuntia s.s. considering that the closure of the Isthmus of Panama is proposed to have taken place 3 mya ( Marshall et al., 1979 ) , and divergence time richness. The complexity of phylogenetic relationships among species and major clades is increased by polyploids, so determining the ploidy of all taxa is imperative to the construction of an accurate evolutionary history of the clade. Detailed phylogenetic, morphological, and fi eld studies of taxa within each clade will be necessary to fully understand relationships and biogeographic patterns at the species level.
Given the proposed recent ages for Opuntia s.s. (5.6 ± 1.9 Ma; Arakaki et al., 2011 ) and its subclades given here, Opuntia s.s. shows the signature of a clade that has undergone a rapid radiation (i.e., broad distribution, high morphological and species diversity, and low molecular marker divergence; Malcomber, 2002 ) . The nuclear and plastid data do not fully resolve species relationships within clades, and several nodes along the backbone of the phylogeny lack high bootstrap support, although the major clades of Opuntia s.s. are generally well supported. Rapid radiations are often constrained by the lack of support for clade relationships (e.g., Fishbein et al., 2001 ; Malcomber, 2002 ; Valente et al., 2010 ) .
Increased taxon and marker sampling is an important next step in determining relationships among all species of Opuntia s.s. Species delimitation will require development of appropriate markers to allow for the discovery of intraspecifi c variation, using multiple accessions from each potential species described within that clade. This work will also allow for the potential discovery of morphologically cryptic species within taxa composed of multiple ploidal levels and for illuminating the origins and evolutionary role of the abundant polyploids in the clade.
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Á LVAREZ , I. , AND J. F. WENDEL . 2003 . Ribosomal The common consumption of the fruit of Opuntia by humans and many other animals would allow for the facile dissemination of seeds and thus dispersal by migrating frugivores. Sixtynine species of vertebrates (not including Homo sapiens ) have been recorded eating the fruits and/or seeds of Opuntia species ( Mellink and Riojas-L ó pez, 2002 ). Davis et al. (1984) found seeds of Opuntia in wooly mammoth ( Mammuthus ) dung, which confi rms the use of Opuntia s.s. by Pleistocene megafauna and further emphasizes potential long-distance dispersal via migrating herbivores.
Interclade taxa involving the Scheerianae clade consistently have a member of the Scheerianae clade as the paternal donor and the other clade involved as the maternal donor (e.g., O. acaulis , O. bahamana , O. boldinghii , O. cubensis , O. lucayana , Opuntia sp. nov. 1) . This is most likely the result of specialized pollination syndromes (primarily bird pollination) in Consolea and Nopalea , since hummingbirds presumably rarely visit the entomophilous fl owers of Scheerianae . However, insects occasionally visit hummingbird-pollinated taxa, such as O. quimilo ( D í az and Cocucci, 2003 ) and Nopalea ( Puente, 2006 ) . In the case of the allopolyploid O. cubensis , the putative paternal progenitor O. dillenii of the Scheerianae clade is much larger than the putative maternal progenitor O. abjecta and may thus be more easily accessible to insect pollinators, leading to higher transfer rates of pollen from O. dillenii to receptive stigmas of O. abjecta . Alternatively, genetic interactions may determine whether reciprocally formed polyploids are both viable.
The precise origins of those species designated intraclade polyploids are not clear for several reasons. First, limited sequence divergence among closely related species precludes determination of the specifi c origins of true intraclade polyploids. Second, concerted evolution of ITS in an allopolyploid may conceal one of the putative progenitors ( Á lvarez and Wendel, 2003 ; Kovarik et al., 2005 ; Kim et al., 2008 ; Soltis et al., 2008 ) such that a true allopolyploid (interclade or intraclade) would not be detected as such. Finally, autopolyploidy, rather than allopolyploidy, could explain a pattern of shared sequences between diploids and polyploids. Some taxa included in our analyses are composed of more than one ploidal level (e.g., O. macrocentra , O. pusilla , O. strigil ; Pinkava, 2002 ; Powell and Weedin, 2004 ; Majure et al., 2012 ) ; samples of different cytotypes are sometimes morphologically similar and form clades (e.g., O. pusilla ; Fig. 3 ), suggesting autopolyploidy. Autopolyploids have been found elsewhere in Cactaceae, although the best documented are restricted to subfamily Cactoideae ( Sahley, 1996 ; Hamrick et al., 2002 ; Nassar et al., 2003 ) . Autopolyploids may play a much larger role in plant speciation than is currently recognized Soltis et al., 2007 ) and may have been infl uential in the diversifi cation of Opuntia s.s. as well.
Determining the origins of all intraclade polyploids thus would be especially informative.
Conclusions -Opuntia s.s. is a well-supported clade, which originated in southwestern South America and quickly diversifi ed after a northern migration or long-distance dispersal into the arid regions of western North America. Reticulate evolution and polyploidization have played a major evolutionary role in the clade by producing novel phenotypes and increasing species
